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and Grand Unified Theories 

T oday many particle theorists believe that three of the known fundamental 
interactions-the strong, the electromagnetic, and the weak-are but different 
facets of one "grand unified" theory of interactions. How close we have come 

to this ancient goal of unification is demonstrated by the fact that there are now only 
several candidates for such a theory. Which, if any, is correct must still be decided by 
experiment 

All the proposed grand unified theories build on the observation that the quarks (the 
components of those particles, such as the neutron and the pion, that interact through 
the strong force) and the leptons (the particles, such as the electron and the muon 
neutrino, that do not interact through the strong force) can be arranged by increasing 
mass into three families. The electron and its neutrino, the muon and its neutrino, and 
the tau and its neutrino are paralleled by the up and down quarks, the strange and 
charmed quarks, and the top and bottom quarks. In grand unified theories this parallel 
structure, or symmetry, between quarks and leptons is given a dynamic origin by 
postulating a new interaction that can change quarks into leptons and vice versa. 

According to these new theories, our division of fundamental forces into strong, 
electromagnetic, and weak is merely a consequence of the energies at which we have 
observed particle interactions. At much higher energies, beyond any we can hope to 
achieve in the laboratory, the distinctions disappear: all three forces become 
components of a single force, and leptons and quarks become indistinguishable from 
each other. This symmetry between leptons and quarks is broken at energies 
accessible in the laboratory, energies at which quarks participate in strong interactions 
but leptons do not. 
The grand unitlcation of interactions and also the mechanism for breaking the 

symmetry are expressed mathemetically in non-Abelian gauge field theories. These 
theories are a generalization of the familiar Abelian gauge theory for electromagnetic 
interactions known as quantum electrodynamics. 

As in quantum electrodynamics, particles interact through the exchange of quantum 
excitations of the gauge fields. In quantum electrodynamics, the exchange particle is 
the photon. In grand unified theories, the exchange particles are called gauge vector 
bosons. AU these vector bosons would be massless, like the photon, were it not for the 
fact that the gauge symmetry is partially broken by the effects of Higgs bosons. These 
massive scalar particles are introduced into the theory to provide a background field 
that breaks the symmetry just as the magnetic field breaks the rotational symmetry in 
a ferromagnetic domain. Higgs boson effects are also responsible for nonzero quark 
and lepton masses. 

As a result of the symmetry breaking, the leptoquark gauge bosons that turn quarks 
into leptons acquire extremely large masses. Theoretical predictions for the leptoquark 
mass range from 105 GeV in Pati-Salam type models to 1015 GeV for models that have 
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Legend: 

- - Conjectured quark-lepton transformation within 
a family by leptoquarks 

- - - - - - -  Conjectured neutrino mixing between families by 
Higgs boson effects 

Observed quark mixing between families reflected 
in grand unified theories by Higgs boson effects - Alternate route for neutrino mixing between 
families 
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